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Abstract 
Dye-sensitized solar cells (DSSCs) are widely recognized as one of the most promising 
of several alternative, cost-effective concepts for solar-to-electric energy conversion that has 
been offered to challenge conventional Si solar cells over the past two decades. The major 
components of a DSSC include an n-type semiconductor (e.g., TiO2), a sensitized (i.e., dye), 
and a redox electrolyte. A sensitizer is chemically tethered to the semiconductor surface by 
functional anchoring moieties (usually carboxyl group) to harvest a broad range of spectrally 
distributed light and transfer energy from absorbed photons to excite electrons. TiO2 is one of 
the most widely used n-type large band gap semiconductor with an energy band gap of 3.2 
eV. However, the cell efficiency is limited due to the high charge recombination rate and the 
low electron mobility characteristics of TiO2.  
In this study, we utilized ZnO as the n-type semiconductor to fabricate dye-sensitized 
flower-like ZnO solar cells as ZnO possesses a wide band gap similar to TiO2 and much 
higher electron mobility than TiO2. Moreover, ZnO carries advantages of being easy 
crystallization and anisotropic, making the fabrication process viable. Two methods were 
employed to craft ZnO nanostructures: hydrothermal and chemical bath deposition, from 
which hierarchically structured ZnO flowers were yielded. Such hierarchical structures 
combined the advantages of 1D nanostructures which have direct pathway for electron 
transport, and nanoparticles which offer a large surface area and thus increased dye loading. 
In addition, the hierarchical structures also facilitate the light trapping. 
The hydrothermal process was systematically explored by varying precursor 
concentration, alkaline condition, reaction time, and reaction temperature. The precursor of 
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chemical bath deposition approach was different from that of hydrothermal process and thus 
leads to a different mechanism. All nanostructures were made on fluorine – doped tin oxide 
(FTO) glass and the morphology was examined by SEM and the composition and 
crystallinity was verified by XRD. Subsequently, all samples were fabricated into DSSCs. 
The cell performance was different from different nanostructures and the optimized 
nanostructures with the highest efficiency were then converted to TiO2. The TiO2 structures 
were prepared by one-step synthesis (i.e., liquid phase deposition) using the as-prepared ZnO 
as template. During the deposition process, the dissolution of ZnO and the precipitation of 
TiO2 occurred simultaneously. Therefore the morphology of TiO2 depended on ZnO 
nanostructures, yielding a hollow nanotubular structures. After conversion, the TiO2 
hierarchical structures on the FTO glass were fabricated into devices and the cell 
performance was evaluated. 
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CHAPTER 1 
Introduction 
 
Dye sensitized solar cells have been caused the most attention worldwide in the field of 
photovoltaics since O’ Regan and Grätzel firstly announced their TiO2 nanoparticle-based 
photovoltaic cell in 1991 with a conversion yield of 7.1%1. The large investigation space is 
because of their characteristics of low cost and ease of fabrication comparing to Si-based 
solar cells and other semiconductor thin film solar cells2, 3. In this study, the two most 
promising metal oxide materials for dye-sensitized solar cells, ZnO and TiO2, will be 
discussed about their properties, mechanisms in dye sensitized solar cells, and the 
relationship between their different structures and the best performance they can get. 
 
1.1 Development of Photovoltaics 
The development of photovoltaics has lasted more than fifty years and more and more 
researchers devoted on this field recently4. This is because of the growing demand of power 
supply and the power source people frequently used such as fossil fuels cannot afford in a 
sustainable way. Therefore, solar energy is generally acknowledged as a perfect conversion 
way from photon to electron and a clean, abundant, and renewable energy nowadays5, 6.    
There is a general classification of development of photovoltaics from its material and 
mechanism. The first generation of solar cell is based on single-crystalline silicon (Si) solar 
cells, which is announced as a forerunner of present silicon cells3. This first generation 
silicon solar cell at 1954 follows the principle of p-n junction, which is formed by a p-type 
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semiconductor and n-type semiconductor. A depletion region is formed at the interface the p-
n junction composed of p type bulk materials and n-type bulk material when the electrons 
and holes are generated by photo-excitation at the interface, they will be separated by the 
inner electrical field formed in the depletion region. Theoretically, the single-crystalline 
silicon-based solar cells can reach 92% energy conversion, while 20% conversion efficiency 
can be reached with commercial design3. 
The second generation of solar cells is generally called thin-film solar cells, which is 
developed due to the considerably high fabrication cost of crystalline silicon-based solar cells. 
The first published thin-film solar cell is amorphous Si thin-film solar cell. The superiority of 
the Si thin-film solar cell over the crystalline one is its higher light-absorption efficiency, and 
the thinner thickness of thin-film solar cells also cut down the amount of silicon needed and 
saved the expense of materials as well. Based on the same working principle as first 
generation solar cells, there are other compound semiconductor materials for thin-film 
photovoltaics such as cadmium telluride (CdTe), copper indium selenide (CuInSe2, CIS), 
copper indium gallium selenide(CuInGaSe2, CIGS), and gallium arsenide (GaAs)7. Because 
of their direct wide band gap which matches the solar spectrum and high optical absorbance, 
the demonstrated conversion efficiency has reached 16-32%3. Although these thin-film ones 
mentioned above can achieve relatively high efficiency, the high fabrication cost and low 
production are severe problems cannot be neglected8. 
Because of all these concerns, dye-sensitized solar cells (DSSC) have been developed as 
the third generation of photovoltaics and acknowledged as a promising approach to efficient 
solar-energy conversion, which is based on metal oxide semiconductors and organic dyes or 
metal-organic-complex dyes2.  The DSSCs have another name called “photoelectronchemical 
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solar cells” due to their different electron generation from the previous two photovoltaics 
generations. Instead of electron-hole separation by an internal electrical field in the depletion 
region at the surface of p-n junction, the photon-to-electricity happened relies on the light 
absorbed by dye, which is sensitized by metal oxide nanostructures9. The function of metal 
oxide semiconductor here is electron transportation, instead of generate electron-hole pair 
and separate them10. The electrons go through the semiconductor nanostructure, and then 
arrive the photoanode to be collected to external circuit. All the mechanisms are complicated 
and will have more detailed introduction in the following section.   
 
1.2 Metal Oxide Semiconductor 
Metal oxide semiconductor especially in nanostructure attracted considerable attention 
because of their potential applications such as solar cells, chemical sensors, and 
photocatalytic hydrogen generation11. Devices made by nanostructures of metal oxide 
semiconductors are expected a significantly higher performance than bulk materials because 
of large surface area for dye adsorption due to nanostructures, and also because of their good 
electrical and optical properties11. These advantages made those metal oxide semiconductors 
be widely explored especially in photovoltaics field as a transparent conductive electrode.  
In a dye-sensitized solar cell device, the metal oxide semiconductor materials fabricated 
on the transparent conductive glass (TCO) such as fluorine-doped tin-oxide (FTO) glass as 
photoanode is the key role of the cells’ performance. The metal oxide semiconductors for 
dye-sensitized solar cells are not only stable and environment friendly, but also known as 
clean and non-toxic materials. Among those metal oxide semiconductors, the most frequently 
used and best candidates for dye-sensitized solar cells are titanium dioxide (TiO2), zinc oxide 
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(ZnO), and Tin oxide (SnO2), which are ascribed to their similar and suitable band gap, 
including the relative band edge of conduction band and valence band. Besides those metal 
oxide semiconductors mentioned above, ternary metal oxide semiconductor such as Zn2SnO4 
could also be a promising and worthy to be expected one for photovoltaic application as a 
photoanode11, 12.  
 
Figure 1.  Band gap energies and band positions of several metal oxide semiconductors in contact with 
aqueous electrolyte at pH113. 
 
The figure 1 above lists several metal oxide semiconductor materials in contact with 
aqueous electrolyte at pH 1. The compared lower band edge (red color) is its conduction 
band, while the relatively higher band edge (green color) is its valence band. The difference 
between the conduction band and valence band represents the band gap in electron volts. 
There are two represented energy scale for the energy band level: one is indicated in electron 
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volts using the normal hydrogen electrode (NHE), while the other is by vacuum level as a 
reference13. 
Among all these metal oxide semiconductor materials, the characteristics of TiO2 and 
ZnO are worthy to be paid attention. It can be seen that ZnO has the similar band gap as TiO2 
has14. The similar position of conduction band makes ZnO be recognized as a promising 
alternative15 material for photoanode of dye-sensitized solar cells (DSSC) and more and more 
researchers are working hard on the theoretical investigation and synthesis process of ZnO-
based DSSCs. 
 
1.3 Dye-Sensitized Solar Cells 
1.3.1 Cell’s Structure 
 Figure 2. Schematic representation of the dye-sensitized solar cells16. 
 
The schematic represented above is the classical architecture of the dye-sensitized solar 
cells (DSSC) with TiO2 nanoporous structure. There are two parallel transparent conductive 
oxide (TCO) glasses that serve as mechanical supports for photoelectrode and counter 
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electrode respectively. The nanostructured metal oxide semiconductor film, which is 
nanoporous structure composed of TiO2 nanoparticles in this schematic, was synthesized on 
the photoelectrode. Those TiO2 nanoparticles are covered and then sensitized with a 
monolayer
 
of light absorbing dye molecules, such as the ruthenium complex named N719, 
the most frequently used to date. The TiO2 nanoporous film provides a large surface for dye 
absorption and light harvesting as well. The counter electrode is also made by TCO glass 
substrate coated with platinum. The electrolyte between these two electrodes plays the role as 
a redox mediator and its redox couple iodide/triiodide completes the photoelectrochemical 
reaction. Photoelectrode and counter electrode are usually attached together with a 
thermoplastic polymer film which functions as an edge sealant and also a spacer forming a 
sandwich-like photoelectrochemical cell. The gap between the two electrodes formed by the 
polymer film enables the electrolyte to fill in7.    
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1.3.2 Operating Principles 
 
Figure 3. Operating principles of the dye-sensitized solar cells16. 
 
 
At the beginning, the solar light irradiates and passes through the photoanode, which is 
composed of a transparent conductive glass (TCO) deposited with nanostructured metal 
oxide semiconductor on it (TiO2 is taken as an example in Figure 3.). When a dye absorbs a 
photon, the dye molecule will be excited from lower energy state to higher energy state (So to 
S*), which is followed by electron injection to TiO2 conduction band. Immediately, the 
oxidized dye (S+) will be regenerated by electron capture from the redox electrolyte, and 
meanwhile the electrolyte becomes oxidation state. The injected electron then diffuses in the 
TiO2 film and finally be collected by the photoelectrode connected to the external electrical 
circuit, afterwards arriving the counter electrode. The electron is returned to the cell via an 
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electrolyte reduction reaction, which means reducing the oxidized electrolyte at the counter 
electrode. 
In the view of chemical reaction equation, those reactions can be expressed as the 
following equations1: 
Photoelectrode: 
S + hν  S*                                             light absorption by the dye 
S*  S+ + e- (TiO2)                                  electron injection 
e- (TiO2)  e- (PE)                                   electron transport 
2S+ + 3I- (PE)  2S +I3- (PE)                  dye regeneration 
Counter electrode: 
I3- (CE) + 2e- (CE)  3I- (CE)                  overall charge transfer reaction 
Electrolyte: 
3I- (CE)  3I- (PE)   
I3- (PE)  I3- (CE) 
Total reactions:  
3I- (PE) + 2 hν  I3- (PE) + 2e- (TiO2)      Photoelectrode 
e- (CE) + hν  e- (PE)                               cell  
Among the whole electron transport in a cell, there are a lot of opportunities that 
electron recombination and trapping/de-trapping may occur due to the cells’ structure and 
nanoparticles’ grain boundaries3. A succinct energy band schematic of metal oxide 
nanocrystals, sensitized dye, and redox couple and how the electrons diffuse in the three 
layers can help us easily understand the electron diffusion activity. 
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Figure 4. Electron transport between nanostructures, sensitized dye, and redox couple 
 
 
○1  Photo-excited electrons are injected to the conduction band (CB) from the higher 
energy     level of sensitizer (LUMO). 
○2  Recombination may occur between the injected electrons and the dye cation (S+).   
○3 The oxidized dye will be regenerated by the electron transfer from a redox couple 
(electrolyte) 
○4  Another recombination may also occur between the injected electrons and redox couple. 
It is easier to understand by thinking that the injected electrons redox the oxidized 
electrolyte within the inner cell’s chemical recombination instead of reducing the 
electrolyte after being transported via external electrical circuit followed by collected 
by the photoelectrode. This one is normally believed to be the predominant energy 
(electron) loss mechanism. 
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○5  This phenomenon is also noted as one of the electron loss between nanostructures, 
which is called electron trapping / de-trapping especially between the particles’ grain 
boundaries7, 8, 17. 
1.3.3 I-V measurement  
Dye-sensitized solar cells were fabricated, with exact fabrication described in later 
experimental sections. The current-voltage (I-V) characteristics of a solar cell under 
illumination are used to demonstrate the power conversion efficiency (PCE). Illumination 
was obtained by a solar simulator at air mass 1.5 global, which is worldwide recognized as 
AM 1.5.    
 
 
Figure 5. Standard I-V curve 
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This I-V measurement curve directly offers the short-circuit current density (Jsc) at V = 
0 intercept, and open circuit voltage (Voc) at Jsc = 0 intercept. The maximum area formed 
between the voltage axis and current density axis represents the output power density. 
Although this is usually called “I-V curve”, it is noted that current density is much more 
frequently used than current in order to eliminate the influence of device’s illuminated area.  
There are some generally used equations to calculate and investigate the cell’s 
performance and characteristic. 
(1) PCE   	


  



   



   
..


    
(2) F. F.   
  
  

  
  
Pout  represents the output power after the device is illuminated, which is also the 
maximum power output as defined (PM in the figure), therefore the definition of power 
conversion efficiency is Pout / Pin. Pin is the input power density, which also means the 
intensity of incident light with generally used unit in mW cm2. Fill factor (F.F.) is a value 
between 0 and 1 (less than 1) that describes the shape of I-V curve. The theoretical perfect 
device design makes the fill factor equal to 1 and the I-V curve a rectangular shape1. 
In dye-sensitized solar cells, Jsc is mainly determined by the dye absorption and light 
harvesting. A higher structure density makes the significantly large surface area, which will 
obtain a high current density (Jsc). Open circuit voltage (Voc) is theoretically determined by 
the gap between Fermi level of the electron in the semiconductor electrode and the redox 
potential of the electrolyte. However, experimental results always showed that things are not 
as simple as the definition, notably for the open circuit voltage (Voc). The recombination and 
trapping phenomenon during the electron travelling before being collected by the 
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photoelectrode to external circuit may influence cells’ Voc outcome. Moreover, the electron 
density on the conduction band of semiconductor, which is related to the electron injection 
and transfer dynamics18, may shift the position of Fermi level and then Voc could be changed. 
This part is much more complicated related to electron kinetic energy and the competition 
between all the possible electron transportation19. 
 
1.4 ZnO Introduction  
1.4.1 Properties and Applications 
In nature, ZnO is well known for many practical properties supporting different 
functionalities such as semiconducting, optical, piezoelectric, and pyroelectric properties2. 
Those properties make ZnO become employed as sensors, biomedical, optoelectrics, or 
electrochemical system2, 20, 21. Notably, its controllable nanosize provides remarkably 
enhanced optical, chemical, electrical, and mechanical properties in these devices composed 
of ZnO22, which helps us broadly explore and understand each synthesis and fabrication 
process of photovoltaics. In this study, the new generation solar cell – dye-sensitized solar 
cells (DSSC) will be mainly focus discussed as one of the ZnO applications. 
1.4.2 ZnO Nanostructures 
ZnO nanostructures are employed as the photoelectrode on the substrate due to the large 
surface area23. The one addressed at the early stage is nanoporous film with significantly 
large surface area10. In addition, there are more and more different nanostructures are 
synthesized and published in recent years. Some are one-dimensional structures, which are 
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favorable for electron transport because of their direct conduction path way such as 
nanowires (NW), nanorods (NR), and nanotubes (NW). Nanoplates, nanosheets, or some 
other similar planer structure are defined as two-dimensional structure. Nanostructures are 
roughly classified by their dimension. The last category is three-dimensional framework such 
as tetrapods by nanotips, nanodendrite (composed of trunks and branches), and nanoflowers 
(composed of several stretched out nanorods)24. This three-dimensional structure will be 
investigated in this thesis and it will focus on nanoflowers due to enhanced surface area for 
more dye loading and light harvest; meanwhile the superiority of direct conduction pathway 
from one-dimensional nanostructures is maintained21. Another frequently discussed 
nanostructure is nanoparticle (NP). Although NP is also one of the three-dimensional 
structures, it is not good for cells’ efficiency because of high electron recombination and 
trapping / de-trapping phenomenon due to electron’s random walk between particles and 
their grain boundaries from the position of electron injection to the substrate25. All the 
nanostructures can be illustrated by the following four schematics.    
 
 
Figure 6. Schematic representation of various nanostructures10. 
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1.4.3 Synthesis Methods 
For those various nanostructures, diverse synthesis methods are kept developing to date. 
Sol-gel is a traditional method for synthesizing ZnO nanoparticles. In addition, there are 
electrostatic spray deposition technique (ESD), electrochemical deposition fabrication, 
chemical bath deposition (CBD), and hydrothermal (HT) synthesis, etc3. There is an 
advantage of ZnO synthesis compared to TiO2 that ZnO can be synthesized applying a wide 
range if synthesis techniques, and progressively obtain a great variety of different 
morphologies and nanoframeworks. In this research work, hydrothermal synthesis and 
chemical bath deposition will be integrated investigated with their influence parameters are 
included. Hydrothermal approach is an aqueous chemical synthesis reaction at high 
temperature of 100-1000 oC and under high pressure of 1 MPa-1GPa26, which is sealed in a 
Teflon-lined stainless steel autoclave (Figure 8). Chemical bath deposition (CBD), known as 
controlled precipitation or simply chemical deposition, is an easy large production approach 
frequently used for synthesizing oxide thin films from solution onto a substrate (e.g., TCO 
glass). The crystal structure of ZnO formed by both hydrothermal process and chemical bath 
deposition is wurtzite structure (Figure 9). This wurtzite crystal structure has a favorable 
growing direction [0001] with lowest energy, and the space between two (0001) planes is 
approximately 0.52nm, which is reported on several published papers20, 21, 26-29. 
 Figure 7.  Schematic diagram of a Teflon lined
(left)7. The real autoclave
 
 
 
Figure 8. Wurtzite crystal structure of ZnO. (Yellow: Zn   Gray: O)
 
1.4.4 ZnO in DSSC 
The development of ZnO in dye
is reported by Gerisher 2 et al. applying a single crystalline ZnO as the electrode. After then, 
a lot of attempts on related work to improve the solar cells
15 
 
 stainless steel autoclave for hydrothermal synthesis of ZnO 
 used in this work with side view and top view (middle and right).
 
 
-sensitized solar cells could go back to 1969. The work 
’ efficiency and in
 
 
-depth research 
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have been observed. To date, the highest performance obtained by ZnO photoelectrode 
reached 7.2% with single crystalline nanoporous framework probably because that 
nanoporosity is the exact range of nanosize suitable for dye absorption, which hence offers 
an ideal oxide-dye reaction. In addition to the one with highest performance, 1.9% is 
obtained by nanoflowers and 3.9% is obtained by nanosheets, etc3. There are several new 
composite nanostructures are now explored and the efficiency is keeping making a 
breakthrough continuously.  
The main advantage of ZnO as being a photoelectrode deposited on the TCO substrate 
and responsible for electron transportation is high electron mobility compared to TiO2. ZnO’s 
high electron mobility makes it favorable for electron transport with reduced recombination 
loss and enhanced electron lifetime, followed by longer diffusion length. All these 
advantages make ZnO as the most promising alternative to TiO230. In addition, ZnO has a 
direct wide band gap (3.37 eV)14 and similar position of band edge to TiO2. During the 
chemical synthesis process for ZnO, ease of crystallization and anisotropic growth make the 
synthesis become easier and facile. ZnO’s high crystallinity is also good for electron 
transport.    
Although there are several advantages for ZnO addressed above, the world record 
highest efficiency is made by TiO2 instead of ZnO. There are many complicated problems in 
this issue, which is related to electron dynamics of the relative energy position between the 
semiconductor film, dye, and electrolyte. A well-known difficulty of ZnO photoelectrode is 
its instability in acidic and basic condition, which means Zn will be dissolved in the currently 
used dye, N719, and then the complex Zn2+ / dye will be formed23. Researchers suggested 
that this complex could be formed right after the immersion of ZnO in N719 for 10 minutes31. 
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Compared to TiO2, existence of Zn2+ / dye complex could agglomerate to form a thick 
covering layer instead of monolayer and this obstruction may be one of the reasons for poor 
electron injection with ZnO for the photoelectrode32. To date, a new trial for sensitizing ZnO 
is a dye called D14925, 33, which can prevent the formation of Zn2+ / dye complex. 
 
1.5 TiO2 Introduction 
Although ZnO is the most discussed part in this research work, TiO2 is still the main 
stream material used for dye-sensitized solar cells worldwide, which is ascribed to its higher 
cells’ efficiency34. In addition to DSSC, there are several practical applications by TiO2 
because of various physical and chemical properties benefit extensive photoelectronchemical 
applications. An overview of  TiO2 will be briefly introduced here. 
1.5.1 Properties and Appications 
Titanium, as the most abundant element in the Earth’s crust, its oxide compound TiO2, 
which is the most common one of titamium and is a typical n-type semiconductor. As the 
most promising photocatalyst, TiO2 is expected to be the leading role of energy conversion 
and storage in a simple and environmental harmless way mainly due to its non-toxic 
characteristic. Hence, TiO2 has been the most intensively explored material, which can be 
demonstrated by the amount of published papers during the past 50 years that are more than 
60,000 and the number is still increasing day by day35. 
As the most principal application material in dye-sensitized solar cells (DSSC), TiO2 has 
an appropriate energy band gap (3.2 eV) with anatase crystal phase ,which is also the most 
frequently synthesized one among all the four crystal phases : anatase, rutile, brookite, and 
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tatinium dioxide(B)36. Among all the synthesis approaches for TiO2, it generally favors the 
anatase structure especially being prepared by solution phase method, which could be 
attributed to two main influences : surface energy and solution chemistry37, 38. 
In addition to dye-sensitized solar cells, TiO2 is invstigated in a wide range of 
application with its various nanostructures : photocatalytic hydrogen generation, 
photocatalytic degredation of organic pollutants, sensors, and photoinduced hydrophilicity39, 
40
. 
1.5.2 TiO2 Nanostructures 
In recent years, TiO2 nanostructures are fully developed including nanoparticeles, 
nanowires, nanorods, nanotubes, nanosheets, nanobelts, and so on. Since most of them 
resemble ZnO nanostructures, those similar ones will not be addressed in this section. 
However, TiO2 nanotubes is the special one worth noting for their significantly optimized 
and attractive synthesis approaches41, which will be emphasized in the next section. 
1.5.3 Synthesis Methods 
These two synthesis methods worth mentioning are electrochemical anodization17 and 
template deposition42. The priciple of electrochemical anodization is the controlling 
oxidation of titanium metal. The technique is specifically developed for TiO2 nanotubes from 
titanium foil, which has been extensively studied by Gong17 and co-workers. Another 
previously mentioned method “template deposition” is related to the later section of this 
research work, which will be investigated in detail in chapter 2. The general concept of this 
templated synthesis for TiO2 is the usage of morphological property, which means the 
template material offers the morphology. TiO2 deposition on the templated material and 
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dissolution of it occurs simultaneously. Many TiO2 nanostructures have been achieved 
through templated-assisted deposition process, which makes the morphology of TiO2 
controllable by different morphologies of template34.  
1.5.4 TiO2 in DSSC 
TiO2 is the most promising nanomaterial for dye-sensitized solar cells (DSSC) applying 
the conversion from sunlight to electricity. The first reported DSSC is announced by O’ 
Regan and Grätzel in 1991 with a conversion yield of 7.1 %36. To date, TiO2 photoanode is 
not the only component being studied, while there are a large amount of different sensitizers 
being researched recently. The most commonly used dyes are organometallic ruthenium 
polypyridyl complexes, and one of them called N719 dye [ruthenium(2,20-bipyridyl-4,40-
dicarboxylate)2(NCS)2] satisfies the required properties such as stability, wide spectral 
absorbance range, and a molecular structure suitable for chemical bonding with TiO22, 43, 44.  
Notably, the nanostructure for the highest efficiency achieved by TiO2 based dye-
sensitized solar cells is the same structure as for ZnO, which is three dimensional nanoporous 
with the efficiency over 11%45-47.  
 
1.6 Research Goals 
Since ZnO is the most encouraging alternative to TiO2 for dye-sensitized solar cells, 
there is an enormous investigation room for synthesizing ZnO nanostructures. Moreover, 
hierarchical structures such as nanoflowers and nanodendrites possess the superiorities of one 
dimensional structure (direct conduction pathway for electron transport) and nanoprous 
structure (specifically large surface area for dye loading and light harvesting). Based on 
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previous work been reported, the research work presented here will focus on facile synthesis 
approaches to synthesize ZnO hierarchical structure. The two one-step ease of synthesis 
approaches, hydrothermal method and chemical bath deposition, will be explored with 
different experimental parameters individually. Afterwards, those ZnO hierarchical 
nanostructures deposited on fluorine – doped tin oxide (FTO) glass will be fabricated into 
DSSCs and the cell performance was evaluated. Furthermore, TiO2 hierarchical structure 
with top-end hollow nanotubes will be synthesized by ZnO template-assisted approach. The 
performance DSSC with TiO2 hierarchical structure is expected to be higher than the original 
ZnO one, which is ascribed to larger surface area for more dye loading and light harvesting, 
and higher stability in dye-N719. 
 
 
Figure 9. Molecular structure of dye-7192. 
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CHAPTER 2 
DSSC of Hierarchical ZnO Flowers by Hydrothermal Synthesis 
 
2.1 Background 
To date, hydrothermal synthesis has been broadly investigated while its mechanism in 
the sealed autoclave with high temperature and high pressure is still complicated and cannot 
be unified as a common explanation. A paper published in APPLIED PHYSICS LETTERS in 
2007 presented an improved dye-sensitized solar cells efficiency with a ZnO nanoflower 
photoanode by the hydrothermal synthesis with precursor zinc chlorine (ZnCl2) at 95 oC for 
15-40 hour48.  
 
 
Figure 10. Schematic of upstanding nanorods (left) and flowerlike - stretched out nanorods (right)48  
 
 
 
It is apparently noted that the light may be lost due to some photons could possibly fall 
on the gap between adjacent ZnO nanorods and could not be absorbed by the dye interfacing 
ZnO. Relatively, the stretched-out nanorods (nanoflowers) have much more interaction with 
the photons. Moreover, the nanoflowers also benefit a large surface area compared to 
nanorods, hence the dye loading will be increased and light harvesting46, 49 will be enhanced 
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as well without sacrificing the good electron transport50, which is ascribed to those composed 
by nanorods. 
These two SEM images are both by hydrothermal synthesis, while the vertical nanorods 
have to be synthesized with a seed layer deposition pre-treatment. 
                      
Figure 11. SEM images of the ZnO - nanorods (a), and ZnO - nanoflowers film (b)48. 
 
 
The current-voltage (IV) measurement proved that the efficiency of nanoflowers is 
approximately double of vertical aligned nanorods, which is mainly because of higher current 
density due to large surface area50. The enhanced dye loading due to large surface area could 
also be checked by the dye-absorption measurement. 
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Figure 12. I-V measurement of nanorods and nanoflowers (left) and dye-absorption measurement (right)48. 
Based on these published results, the room for development for hierarchical structures 
based on nanorods is worth expecting and the influences of different conditions (precursor 
concentration, alkaline condition, reaction time, and reaction temperature) on structure 
morphologies and cell performance will be investigated in this experiment work. 
 
2.2 Hydrothermal Synthesis  
2.2.1 Mechanism 
Currently, the most frequently represented and acceptable explanation of hydrothermal 
synthesis’s mechanism is from chemical reaction. The hierarchical ZnO nanostructures are 
synthesized generally in basic environment with precursor zinc ion (Zn2+). There are several 
Zn2+ compounds are reported in papers with slightly different morphology. The compound 
used in this work is zinc acetate with the alkaline condition, which is offered by NH3 or 
NaOH51-53.  
 If the alkaline environment if by NH3 : 
Zn2+ + 2OH- ↔ Zn(OH)2                                        (1) 
Zn(OH)2 + 4NH3↔ Zn(NH3)2+4  + 2OH-              (2) 
Zn(OH)2 ↔ ZnO + H2O                                        (3) 
The zinc hydroxide (Zn(OH)2) compound is formed in a diluted ammonia solution with 
precursor Zn2+ and the offer of hydroxide (OH-) by the hydrolysis product of NH3 in the 
aqueous solution, which is ammonium hydroxide (NH4OH). Furthermore, Zn(OH)2 will react 
with the sufficient NH3 and then zinc ammine (Zn(NH3)2+4  ) is formed in the basic solution. 
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Meanwhile, according to the high temperature and high pressure environment, the Zn(OH)2 
decomposes into ZnO and water, making the (3) equation move to right. One of the effects of 
NH3 is preventing the amalgamation of the nuclei in the supersaturated solvents during the 
reaction process, therefore leading to the hierarchically stretched-out morphologies such as 
nanourchin, nanobroccli, and disordered nanorods54, 55.  
 If the alkaline environment if by NaOH : 
Zn2+ + 2OH- ↔ Zn(OH)2                          (4) 
Zn(OH)2 ↔ ZnO + H2O                     (5) 
The chemical reaction by NaOH can be explained much more directly than by NH3. In 
equation (4), Zn(OH)2 is precipitated in the alkaline condition with NaOH. The high 
temperature and high pressure environment moves the reaction to the right and ZnO is 
obtained in equation (5). 
The following four sections are four different experimental conditions, which will be 
followed by the study of their different morphologies by SEM images and possible 
mechanisms will be presented as well. 
2.2.2 Different precursor concentration [Zn2+] 
 0.05 M / 0.1 M / 0.2 M 
 NH3 : 0.8 mL / 30mL(aq)  
 Temperature : 130 oC~140 oC  
 Time : 8 hr 
Different Zn2+ is the investigation point in this discussion with the fixed amount of NH3. 
The moderate amount of NH3 (0.8 mL in 30mL solution) was decided by the exact point for 
the basic solution becoming transparent again when the NH3 was slowly added to the Zn2+ 
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aqueous solution. There were floccules existed by the precipitations formed when the amount 
of NH3 is insufficient at the beginning, which are compounds Zn(OH)2. The temperature was 
set between 130oC~140oC in the oven. In order to make the experiments consistent, the 
reaction time was unified in 8 hour.    
2.2.3 Different Alkaline Conditions : amount of NH3  
 Different [NH3] : 0.5 mL / 0.8 mL / 1.1 mL in 30 mL(aq) 
 [Zn2+] : 0.05 M 
 Temperature : 130 oC~140 oC 
 Time : 12 hr 
In the basic solution, different alkaline conditions by NH3 influence the morphologies of 
nanostructure during the chemical reaction. Other experimental conditions were fixed to 
maintain the consistency and reliability of observations. 
2.2.4 – (a).Different Reaction Time with NH3 
 Different time : 2 hr / 4 hr / 8 hr / 12 hr  
 [Zn2+] : 0.05 M 
 NH3 : 0.8 mL / 30 mL(aq) 
 Temperature : 130 oC~140 oC 
2.2.4.- (b).Different Reaction Time with NaOH 
 Different time : 2 hr / 4 hr / 8 hr / 12 hr / 15 hr 
 [Zn2+] : 0.1 M 
 NaOH : 1 M 
 Temperature : 110 oC~120 oC 
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The influence of different reaction time will be individually studied by NH3 and NaOH. 
For NH3 in basic solution, the experimental parameters were suggested four different time 
periods. Other conditions are the same as above. For this experimental condition, alkaline 
compound is NH3, which is different from the next discussion, by NaOH. The reaction time 
was lasted longer than the one with NH3 due to the more drastic phenomenon with NaOH, 
which was attributed to its stronger alkalinity. For the same factor, the reaction temperature 
was slightly lower than the experiment with NH3. The concentration of NaOH was fixed at 
ten times of the one of Zn2+. Several attempts were performed with higher or lower 
concentration of NaOH. Notably, none of stable ZnO could be formed with these two 
conditions. It was probably attributed to insufficient hydroxide for lower concentration, while 
the higher concentration might corrode the FTO glass. 
2.2.5 Different Reaction Temperature 
 Different temperature : 115 oC / 135 oC / 155 oC 
 [Zn2+] : 0.05 M 
 NH3 : 0.8 mL / 30 mL(aq) 
 Time : 12 hr 
Only for NH3 was investigated into different reaction temperature. The medium 
temperature (135 oC) is taken as the moderate one in this research work. The other two, the 
higher one and the lower one both have influence on their morphologies. There was a similar 
observation that a stable ZnO film could not be synthesized by NaOH at higher or lower 
temperature, which demonstrated the instability reaction with NaOH.  
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2.3 Observations 
2.3.1 Scanning Electron Microscopy (SEM) 
A. Different precursor concentration [Zn2+] 
 
 
 
Figure 13. SEM images by different [Zn2+] 
 
 
It is obviously observed that the increased Zn2+ resulted in the thicker disordered 
nanorods with increased rod’s diameter. This was directly realized that the lower 
concentration of Zn2+ represented the less amount of precursor offered during the reaction 
process, therefore less amount of ZnO was synthesized. Furthermore, the increased thickness 
of nanorods was more apparent than the increase of nanostructure density. This could be 
understood from the two steps of hydrothermal process, which are crystal nucleation as the 
first step and crystal growth as the second step. The obvious difference of nanorods’s 
thickness represented the domination of the whole hydrothermal process is crystal nucleation 
instead of following crystal growth. 
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B. Different amount of NH3 
 
 
 
 
Figure 14. SEM images by different amount of NH3 
 
 
The flower-like nanostructures did not have much difference of morphologies in spite of 
a slightly increase of flower size. From the less amount of NH3 (0.5mL in 30 mL aqueous 
solution) to the maximum amount of NH3 (1.1mL in 30 mL aqueous solution), the dimension 
of each stretched out nanorods from one central point had slowly but continuously increase. 
Another observation worthy to be addressed is about the difference in practical 
observation right after those thin-film deposited FTO glasses were taken out instead of the 
nanoscale morphologies. The least amount of NH3 could not offer sufficient amount of OH-, 
hence the thin film was hard to stablized on the FTO glass, which are approximately 
detached from the FTO substrate when immersed in DI water. However, the surplus amount 
of NH3 might prevent the amalgamation of individual nuclei from equation (2) mentioned 
above. This theorem reported in the published paper was in accordance with the realistic 
appearance of thin film on the FTO substrate, which was extraordinary thin and was even 
look like a semiopaque film instead of a regular white one. 
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C.  Different Reaction Time  
a. With NH3 
  
  
Figure 15. SEM images from different hydrothermal process time with the OH- offered by NH3 
 
 
Although the distinctive feature of this hydrothermal synthesis is its one-step process 
without any seed layer pre-treatment, it was obviously observed that a high density layer of 
nanorods perpendicular to the FTO substrate were formed before the hierarchically 
disordered nanostructure formation. The nanorod-layer could be treated as the same function 
of seed layer, which could assist and speed up the crystal nucleation at the beginning of the 
reaction. 
 It is simple to make sense of the increased nanostructure density with prolong
reaction time53. Notably, the diameter of nanorods was not
synthesis time. This is attributed to the growing mechanism in the hydrothermal process. For 
the structure growth, precipitation and dissolution happen simultaneously. It could be thought 
of an original nanorod dissolving after formation and then precipitating again, which 
occurred by turns and resulted in a higher density of structure but lower dimension 
and diameter) of individual nanorod
b. With NaOH 
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(length 
 
 
 Figure 16. SEM images from different hydrothermal process time with the OH
There is a more remarkable observation from the nanostructures by NaOH than those by 
NH3. The increased reaction time led to the structure becoming more similar to 
sphere-like nanoflowers composed of nanorods.
could be illustrated by comparing 
magnification one) and 15 hour reaction condition
nanorods from the same growing cen
D. Different Reaction Temperature
Figure 17. SEM images with different reaction time by the 
This observation from SEM images is consistent with the point of view about 
temperature effect during the hydrothermal process, which is presented by 
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, which showed the enhanced number of 
tral point when reaction time was prolonged.
 
 
 
same alkaline condition from NH
 
 
hierarchically 
 (higher 
 
 
3 
Yangang Sun. et 
32 
 
al. In their experiments, the hydrothermal temperature is of crucial importance to hierarchical 
nanotrsuture. For the lower temperature than the moderate one, the nanostructure looks like 
ordered nanorods instead of stretched out ones and nanoflowers, which was attributed to the 
insufficient energy for hydrothermal reaction provided by lower temperature. However, the 
higher temperature compared to well-situated one, 135oC, made the hydrothermal reaction 
too drastic and resulted in some prism-like nanostructures. These aggregated prism-like 
nanostructures were ascribed to severe reaction without enough time for hierarchical 
nanoflowers to bloom55, 56.  
2.3.2  Transmission Electron Microscopy (TEM) 
The detailed morphology and crystallinity of ZnO nanostructures could be checked after 
hydrothermal synthesis (Figure 18). 
      
Figure 18. TEM images of ZnO nanorods by hydrothermal in the basic solution 
 
 
 
In accordance with the well-known observation, the crystal of ZnO by hydrothermal is 
wurtzite structure, which has the favorable growth direction [0001] with lower energy and 
the trend of stabilizing the system energy28. The nanorods of wurtzite crystal structure 
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usually have an attenuate morphology at the rod end due to the competition between the axial 
[0001] growth rate and other lateral growth. When the axial growth is extraordinary faster 
than others, the rod end may become more attenuate. The right TEM image showed the 
single crystal of [0001] direction and (0001) planes57. 
 
2.3.3 X-ray Diffraction (XRD) 
The crystal surfaces of ZnO wurtzite structure are checked by XRD. Most of literatures 
showed that the peak of (002) surface should be the highest one for the strongest crystallinity. 
However, it is also found that related theorems are nearly about one dimensional nanorods or 
nanowires. This could be suggested that other relatively efficient growth direction such as 
(101) may be existed for the hierarchical structure. To note that, hydrothermal synthesis by 
NaOH made a relatively better crystallinity, which is attributed to the much severe reaction 
due to NaOH’s stronger alkalinity.  
 
Figure 19. XRD patterns of ZnO nanostructures by hydrothermal synthesis  with NH3 and NaOH individually 
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2.3.4 Power Conversion Efficiency (PCE) 
Those hydrothermally synthesized ZnO films on FTO glasses were fabricated into 
devices and the PCE of those devices were measured under AM 1.5 simulated sunlight at 
100mW / cm2. The counter electrode was fabricated by drop coating 0.5 mM chloroplatinic 
acid (H2PtCl6) / isopropanol solution on FTO glasses, followed by annealing at 380 oC for 20 
minutes. The dye used in this work is N719, even though the one is not suitable for ZnO 
because of the instability of Zn2+ and the formation of Zn2+ /   dye complex. The immersion 
time was 24 hours in N719 and then those sensitized ZnO thin film were rinsed in ethanol to 
detach organic molecules. Before I – V measurement, the electrolyte with redox couple I- / I3- 
was injected between two electrodes driven by capillary force through the holes between the 
two separated hot-melting sealing foils. In order to avoid electrolyte being absorbed by un-
illuminated area, most of it was scratched out before device fabrication. 
       
Figure 20. Top view and side view of the device in this work 
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Solar cells’ performance was checked with conditions of different hydrothermal 
synthesis time, and NH3 based and NaOH based one was measured respectively. The third 
comparison of efficiency was based on different amount of NH3 in the basic aqueous solution. 
a. Hydrothermal Time : 4 hr / 12 hr         b.   Hydrothermal Time : 4 hr / 12 hr / 15 
hr              
[Zn2+] : 0.1 M                                                  [Zn2+] : 0.1 M     
NH3 : 0.8 mL / 30mL(aq)                                  NaOH : 1M 
Temperature : 135 oC                                      Temperature : 115 oC 
    
Figure 21. I – V curve shows the performance of DSSC with different reaction time by NH3 (left) and by 
NaOH (right) 
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Table 1.  Summary of the performance of hierarchical ZnO DSSC by hydrothermal synthesis with different 
alkaline condition (NH3 and NaOH) 
 
Alkaline 
condition 
 
 
Different time Jsc (mA / cm2 ) Voc (V) F.F. PCE 
a. NH3  
4 hr 3.32 0.74 0.43 1.04 % 
12 hr 5.59 0.62 0.44 1.52 % 
b. NaOH  
4 hr 0.73 0.65 0.44 0.21 % 
8 hr 1.71 0.60 0.57 0.59 % 
15 hr 4.64 0.62 0.48 1.37 % 
 
 
 
Firstly, the higher efficiency of 12 hr – NH3 is attributed to the much higher electron 
density, which is ascribed to the enhanced nanostructure density for longer reaction time. 
However, the open circuit voltage was decreased instead. This is probably because of the 
energy loss for photoelectrons due to the long electron transport distance from the point of 
electron injection to the substrate of collection substrate due to the deep thickness of the flim. 
Moreover, the thickness of the film is optimized for light harvesting and electron diffusion 
length, which is something like a tradeoff. Although the thicker film may good for light 
harvesting, electron recombination may occur severely. The extraordinary low current 
density of 4hr – NaOH and 8 hr – NaOH could be explained by loosely packed structure and 
its low structure density. Even if the density of the nanostructure largely increased when the 
reaction time was prolonged to 15 hr, the efficiency was not as good as the one by NH3 
because of the over-growth thickness.  
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Table 2.  Summary of the performance of hierarchical ZnO DSSC by hydrothermal synthesis with the same 
reaction time (12 hr) but different amount of NH3.  
  Jsc (mA / cm2 ) Voc (V) F.F. PCE 
0.5 mL NH3  4.68 0.63 0.34 1.02 % 
0.8 mL NH3  5.90 0.67 0.36 1.43 % 
1.1 mL NH3  4.75 0.62 0.38 1.14 % 
 
 
This comparison is between different amount of  NH3. The unstable film on the FTO 
glass for less NH3 and nearly semiopaque film for surplus NH3 both got low fill factor (F.F.) 
due to the poorly integrated structure. The best efficiency was still by the moderate amount 
of NH3 – 0.8mL.  
All the observations above gave a brief conclusion that hydrothermal synthesis by NH3 
got a better cell performance than by NaOH. The 12 hour reaction time and moderate amount 
of NH3 were good for the photon to electron conversion.  
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CHAPTER 3 
DSSC of Hierarchical ZnO Flowers by Chemical Bath Deposition 
 
3.1 Bakground 
The most important reason for chemical bath deposition (CBD) to be developed is the 
instability of hydrothermal synthesis58. In recent years, more and more researches and 
investigation have been focused on hierarchical ZnO nanostructure by CBD. Compared to 
hydrothermal synthesis, the advantage of CBD is its easy achievable synthesis conditions 
such as lower temperature (80 oC ~ 90 oC) and environmental pressure, which makes the 
experimental results more stable and lower fabrication cost. In addition, due to the facility 
limitation, it is easier to synthesize a large amount of ZnO thin film deposited on the FTO 
glass by CBD than by hydrothermal process. This is good for device fabrication and 
efficiency measurement for saving a lot of time23, 59, 60. 
The precursor used here for CBD is different from hydrothermal process, which is zinc 
nitrite (Zn(NO3)2).  Another two chemicals are hexamethylenetetramine (hexamine, HMTA) 
and NH361, 62. HMTA can be taken as a buffer layer to be hydrolyzed and provide NH3, and 
then NH3 offers a basic experimental environment, assisting the formation of ZnO. More 
detailed introduction of mechanism will be presented in next section.  
 
3.2 Chemical Bath Deposition (CBD) 
Different from hydrothermal synthesis in this work, CBD was fixed at the same 
temperature in the oven (80 oC ~ 90 oC) and under one atmosphere. The Zn2+ concentration 
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and HMTA concentration were remained the same for all the experiment work as well. The 
amount of NH3 and reaction time were the two discussing points including the influence on 
their morphologies (by SEM) and on cell performance. 
3.2.1 Mechanisms    
To date, the most frequently represented CBD mechanism is from chemical reaction, 
instead of another much more controversial viewpoint, which is from the diffusion aspect of 
charged ions (Zn2+ and O2-) and their growth rate on different planes. The chemical reaction 
will be the explained mechanism for CBD herein26, 60. 
 (CH2)6N4 + 6H2O ↔ 4NH3 + 6HCHO                   (6) 
 NH3 + H2O ↔ NH3 · H2O ↔NH4+ + OH-              (7) 
 Zn2+ + 2OH- ↔ Zn(OH)2 ↔ ZnO + H2O                (8) 
(CH2)6N4 is the molecule formula of HMTA, a heterocyclic organic compound, has 
white crystallites with highly soluble in water and polar organic solvents. For equation (6), 
HMTA is hydrolyzed into NH3 and an organic compound, formaldehyde (HCHO). The 
formation of NH3 as well as the NH3 added in the experiment provides OH- in the solution. 
This OH- and Zn2+ from the precursor Zn(NO3)2 make ZnO precipitation on the FTO 
substrate. At the beginning of the reaction, the solution became muddy within 30 minutes 
because of the formation of Zn(OH)2, which could be illustrated by figure 22. After a period 
of reaction time, the ZnO was precipitated on the FTO substrate gradually, and the solution 
became completely clear when all the ZnO nano films were precipitated. Actually, the 
precipitation was not only deposited on the FTO substrate, the inner wall and all the bottoms 
of the small bottles for this experiment were all covered by ZnO white precipitates (Figure 
23).  
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Figure 22.  The beginning (within 30 minutes) of the CBD for ZnO on the FTO substrate with the muddy 
solution by the formation of Zn(OH)2. 
 
 
 
Figure 23.  The solution became clear when the reaction completed and all the ZnO precipitations were 
deposited on the FTO substrate and the inner side of the bottles. 
 
 
3.2.2 Different Alkaline Condition – NH3 
 Different [NH3] : 0.3mL / 0.5mL / 0.7mL / 0.9mL 
 [Zn2+] : 0.025M by Zn(NO3)2 
 [HMTA] : 0.0125M 
 Time : 4 ~ 5 hr 
 Temperature: 80oC~90oC 
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All the investigation of chemical bath deposition (CBD) in this work had the fixed 
centration of [Zn2+] and [HMTA], which is frequently presented in recent published papers. 
The different amount of NH3 might shift the chemical reaction to one of the directions more 
than another one and made influence on the morphologies. 
3.2.3 Different Reaction Time 
 Different time : 3 hr / 6 hr / 12 hr / 24 hr 
 [Zn2+] : 0.025 M by Zn(NO3)2 
 [HMTA] : 0.0125M 
 NH3 : 0.7 mL / 25mL(aq) 
 Temperature: 80oC~90oC 
With the same chemical concentration and basic condition, the time-dependent 
experiement was studied. 
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3.3 Observations  
3.3.1 Scanning Electron Microscopy (SEM) 
a. Different amount of NH3 
    
    
 
Figure 24. SEM images with different amount of NH3 in chemical bath deposition (low magnification) 
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Figure 25. SEM images with different amount of NH3 in chemical bath deposition (high magnification) 
 
 
From the low magnification (Figure. 24) of ZnO hierarchical nanoflowers synthesized 
with different amount of NH3, the higher structure density with the less amount of NH3 can 
be apparently observed. This proves that nucleation dominated the reaction instead of growth 
with fewer NH3, which indicates that the nucleation rate is relatively during the process. With 
the increased amount of NH3, the structure started to slightly decrease by the domination 
gradually inclined to growth mechanism63. 
It could be clearly observed the detailed difference between the different basic intensity. 
While the density of nanostructure decreased with increased NH3, the length of individual 
nanorod largely increased with the much attenuate at each rod’s top end because more NH3 
existed might increase the growth rate on favorable axial direction [0001]. For the 0.7 mL - 
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NH3, the average length of nanorods is nearly 3µm. For more NH3 such as 0.9 mL, the 
average length increased to more than 4 µm. In the view of each nanoflower, the much larger 
flowers formed by more NH3 and the dimension of interstices of each nanoflower also 
increased. For less NH3, all the nanoflowers were close to each other and fewer interstices 
formed54. 
b. Different Reaction Time 
      
Figure 26. SEM images with different reaction time but the NH3 amount was fixed at 7 mL in every 25mL 
solution by chemical bath deposition 
 
 
There is no any obvious difference of each nanorod’s length and diameter from different 
reaction time. The density of the whole nanostructures increased can be explained by the 
increased number of nanorods from the same nanoflower. 
 
45 
 
3.3.2 X-ray Diffraction 
 
Figure 27. The comparison of crystallinity intensity between previous two hydrothermal processes and 
chemical bath deposition 
 
 
All the diffraction peaks prove that the crystal structure of ZnO is wurtzite from three 
different synthesis methods. Notably, the crystalline intensity of hydrothermal synthesis is 
not necessarily higher than the one by chemical bath deposition (CBD) even though the 
reaction at much higher temperature and under high pressure. The diffraction peak intensity 
of CBD is even higher of hydrothermal process by NH3. The probable reasons for higher 
diffraction peak are the thicker film and higher structure density by CBD. The better 
crystallization characteristic might contribute to electron transport in the crystal structure and 
give a better cell performance. 
3.3.3 Power Conversion Efficiency (PCE) 
Cells’ performance was checked after the same dye-immersion time and same 
fabrication process as mentioned above. The two different experimental parameters (different 
reaction time and different amount of NH3) are explored here. 
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a. Different amount of NH3 
Table 3.  Summary of the performance of DSSCs based on hierarchical ZnO nanoflowers by CBD with the 
same reaction time (4 ~ 5 hr) but different amount of NH3. 
  Jsc (mA / cm2 ) Voc (V) F.F. PCE 
0.3 mL NH3  7.16 0.58 0.47 1.95 % 
0.5 mL NH3  8.25 0.69 0.33 1.87 %  
0.7 mL NH3   7.46 0.67 0.40 1.98% 
0.9 mL NH3   5.05 0.66 0.44 1.48% 
 
 
The high cell performance of dye-sensitized solar cell by 0.3 mL – NH3 is attributed by 
its remarkably high structure and surface area59, 64. This extraordinary large surface area 
brings an increased light harvesting and decreased light loss. Among these four experimental 
conditions, the one with 0.7 mL NH3 shows the highest cells’ performance, which is possibly 
caused by the optimized of structure density and thin film thickness with the reaction time 4 
~ 5 hour. According to the role play of NH3 in chemical bath deposition, the relatively lower 
efficiency by 0.9 mL NH3 ascribes to the insufficient thickness of the thin film. The fill factor 
(F.F.) for hierarchical structures is usually lower than one dimensional structure such as 
nanorods and nanowires, which is attributed to the loosely packed structure and higher 
recombination rate. By the viewpoint of electric circuit, the loose structure brings the larger 
series resistance and therefore the F.F. may be decreased. 
 
47 
 
b. Different Reaction Time 
Table 4. Summary of the performance of DSSCs based on hierarchical ZnO nanoflowers by CBD with the 
same amount of NH3 but different reaction time. 
  Jsc (mA / cm2 ) Jsc (mA / cm2 ) F.F. PCE 
3hr  6.31 0.69 0.33 1.42 % 
6hr  5.96 0.75 0.34 1.53 % 
12hr  5.27 0.69 0.34 1.23 % 
24hr  4.97 0.66 0.39 1.27 % 
 
 
There is no any significant difference of the SEM morphologies from different reaction 
time, which proves that the concentration of NH3 is the main influence on the dimension of 
nanostructures. The only possible reason that could explain the different efficiency is the 
different film thickness by different reaction time. If the film is too thick, even though it 
provides sufficient light harvesting, the recombination may happen severely and a lower 
current density may be obtained. 
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CHAPTER 4 
TiO2 Conversion by ZnO Template 
 
4.1 Background 
Among all the discussed synthesis method for TiO2, there is one called “template-
assisted”, which attracted more attention to date. There are a lot of materials can be used as 
the template deposited by TiO2 on them.  
In this work, we presented this TiO2 conversion with ZnO as a template. This template 
assisted method has a great advantage is its controllable morphology based on the 
morphology of ZnO. Compared to the frequently used method – anodization for TiO2 
nanotubes, this template assisted method by ZnO here can save a lot of time and cost. For 
example, the TiO2 hierarchical structure composed of nanotubes can be directly attained by 
coating a TiO2 on the wall of hierarchical ZnO nanorods and dissolving ZnO simultaneously. 
It is also an environmental friendly method due to room temperature and one atmosphere 
needed, and no any other specific synthesis condition is required.  
Since the world recognized highest cell performance is still fabricated by TiO2, the 
synthesis method by the template of ZnO is worth doing and its precise structure control 
gives researchers a large development room to expect. 
 
4.2 Mechanism  
This template assisted method has been extensively investigated for one dimensional 
TiO2 nanotubes. The same deposition method can be applied for hierarchical structure. The 
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following schematic presented on published can help us directly understand the process of 
the template assisted method. 
 
Figure 28. The schematic illustrate the process of top – end opened TiO2 nanotube arrays synthesized by the 
ZnO nanowire arrays as the template65. 
 
 
This work was reported on chemistry materials 2010 by Xu et al65. A layer of ZnO 
nanowire arrays growth on the ZnO seeded ITO substrate. Then the ITO substrate with ZnO 
nanowire arrays was immersed in a solution composed of 0.075 M ammonium fluorotitanate 
((NH4)2TiCl6) and 0.2 M boric acid (H3BO3) atroom temperature to deposit TiO2 and 
dissolve ZnO simultaneously. The last step is to open the closed top of the TiO2 nanotubes by 
dipping in a glycerol solution containing 3 % HF and 12 % water for 2 minutes to etch away 
the top of the TiO2, followed by immersing in H3BO3 for 1 hour to remove all of the residual 
ZnO component inside the tubes. 
The following three chemical equations can easily explain the process of the reaction 
and the function of (NH4)2TiCl6 and H3BO3 during the liquid phase deposition65-67. 
 TiF62- + 2H2O ↔ TiO2(S) + 4HF + 2F-                         (9) 
 H3BO3 + 4HF ↔ BF4- + 3H2O + H+                                 (10) 
 ZnO + 2H+ ↔ Zn2+ + H2O                                          (11) 
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TiO2 is deposited by the hydrolysis of Ti – fluoro complex ion in equation (9). Another 
product – HF and added H3BO3 moves the reaction towards right in equation (10) and the 
acidic solution dissolve ZnO simultaneously as can be seen in equation (11). 
 
Figure 29. The change of Zn and Ti composition by the continuously increasing conversion time65. 
 
 
 
This observation was also presented by Xu and his co-workers which suggested that 
there is no any significant difference after 1.5 hour immersion time. 
The same liquid phase deposition method was performed in this work with the 
template –hierarchical ZnO nanoflowers, which were synthesized by hydrothermal or 
chemical bath deposition in previous chapters. The immersion time for TiO2 conversion was 
fixed at 2 hour in this work, followed by 2 hour annealing at 450oC for crystallization to 
anatase from amorphous.  
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4.3 Observations 
4.3.1 Scanning Electron Microscopy (SEM) 
    
Figure 30.  The left one is hierarchical ZnO nanoflowers by hydrothermal systhesis with NH3. The right one is 
the hollow tubes with top end closed and with some small nanoparticles after conversion process 
 
 
Figure 31.  The left SEM image is hierarchical ZnO nanoflowers by hydrothermal synthesis with NaOH. The 
right one is TiO2 nanoflowers composed of hollow tubes with top end closed.  
 
Those top end closed nanotubes were not immersed in HF to make them open, since it is 
much difficult to control the etching process due to the stretched out structure than one 
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dimensional nanotubes array perpendicular to the substrate. However, the x-ray diffraction 
(XRD) and Energy Dispersive Spectroscopy (EDS) were also completed in this work to 
check the composition. 
4.3.2 Transmission Electron Microscopy (TEM) 
    
Figure 32.  TEM images for the whole nanoflowers morphology (left) and the individual hollow nanotube with 
closed top end. 
 
 
Although the TEM image could not show the satisfied high resolution, it also could 
represented that the liquid phase deposition of TiO2 could be taken as countless small TiO2 
particles attached on the ZnO nanostructures. This brings a good news that even though it is 
difficult to open the tubes’ close top end, the dye molecules can be soaked into the tube’s 
inner side. The left TEM image shows the integrated nanoflowers, which indicates that the 
morphology of ZnO template is truly reserved, and converted to TiO2. The right TEM image 
with high magnification indicated that the nanostructure is indeed hollow and ZnO was 
dissolved during the deposition process. 
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4.3.3 X-ray Diffraction (XRD) / Energy Dispersive Spectroscopy (EDS) 
 
Figure 33. XRD pattern after TiO2 conversion after annealing at 450oC for 2 hour 
 
 
 
Figure 34. EDS demonstrates the composition after conversion process is almost converted from Zn to TiO2. 
 
 
 
The EDS measurement helps us demonstrate that nearly all the Zn was converted to 
TiO2 after the conversion process by liquid phase deposition and ZnO dissolution. In addition, 
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the x-ray diffraction pattern can prove the TiO2 crystal phase is anatase after 2 hour 
annealing at 450 oC. 
4.3.4 Future Work – Power Conversion Efficiency (PCE) 
The next project which is also the last one in this work is to fabricate into device and do 
the I – V measurement after TiO2 conversion. The cell performance is expected to be higher 
than the original ZnO based solar cells due to higher electron injection and higher stability of 
TiO2 in dye N719.  
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CHAPTER 5 
General Summary and Conclusions 
Currently, the two most commonly used metal oxide semiconductor materials are ZnO 
and TiO2, which are photoelectrodes in dye-sensitized solar cells. TiO2 is still taken as the 
best choice for its relatively higher efficiency than ZnO. However, there are some limitations 
of TiO2 – based solar cells cannot be ignored. Hence we report ZnO as a promising 
alternative. 
There are several research projects on ZnO – based solar cells to date, including various 
nanostructures such as nanorods, nanowires, nanoplates, nanosheets, hierarchical 
nanoflowers, and so on. In my research work, I presented two synthesis methods, which are 
called hydrothermal reaction and chemical bath deposition. For each method, different 
experimental parameters were investigated such as precursor concentration, alkaline 
condition, reaction temperature, and reaction time. Since those thin films can be easily 
deposited on the FTO glass, the last stage of ZnO part in my research work is fabricating 
ZnO solar cells and discussing their performance.  
In summary, the precursor concentration has influence on not only the structure density 
but also on the diameter of each rod during hydrothermal reaction. It depends on the 
dominating mechanism, which is either crystal nucleation or crystal growth. When the 
reaction was extended, the density of the whole nanostructure increased, while the diameter 
of each nanorod decreased because of the two behaviors, precipitation and dissolution, which 
happened simultaneously during the hydrothermal reaction. There is an optimized reaction 
temperature for NH3 alkaline condition and NaOH alkaline condition respectively. If the 
56 
 
temperature is too low, it cannot offer enough energy for the reaction and cannot stabilize the 
film on FTO substrate. However, if the temperature is too high, the reaction will be too 
drastic for nanorods to stretch out and become flowers. Even though there was no significant 
difference from different amount of NH3 by SEM images, different basic conditions have 
influence on the stability and thickness of thin films on the substrate. The wurtzite crystal 
structure could be obtained by hydrothermal with two different alkaline conditions. 
It is hard to maintain the stability of experiment result by hydrothermal reaction, and the 
distribution of nanostructure was not uniform, which means there were some places with 
densely packed structure and some others with loosely packed structure or even without any 
nanorod. This is not good for electron transport, which made the cells efficiency was only 1.5 
% average. 
Another synthesis reaction called chemical bath deposition was reported in chapter 3. 
Compared to hydrothermal synthesis, it is easier for chemical bath deposition to scale up the 
production. Most importantly, chemical bath deposition could help us make the film stable 
on the substrate with a uniform distribution nanostructure. The wholly densely packed 
nanostructure significantly enhanced the current density and lowered the probability of 
recombination. Therefore, the cells performance proved the advantages of chemical bath 
deposition.  
This easy-to –synthesize method provided high stability production and high structure 
density. The last section in my research work is converting ZnO to TiO2 by template-assisted 
method. ZnO is the template in this liquid phase deposition and TiO2 precipitation and ZnO 
dissolution happened simultaneously during the process. The one-step template-assisted 
method makes the TiO2 morphology controllable. 
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The facile one-step and controllable TiO2 synthesis gives us an expected improvement 
space for photovoltaic performance. Hopefully the hierarchical TiO2 flowers composed of 
hollow TiO2 nanotubes may increase the dye loading and light harvesting, and improve the 
cells’ efficiency further. 
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